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ABSJIRAO'T 


A high temperature fluidized bed reactor- (S’.BR) was 
designed and fabricated to study high temperature endothermi 
gas-solid reactions, in particular, the reduction of hamatiti 
with solid, solid and gas, and gaseous reductants. The 
design of this j?3R was based on extensive studies carried 
out on a cold model RBR made of perspex through which the 
fluidization behaviour could be visually observed. 

The physical dimensions of the ro im temperature 
?3R were more or less identical to those used for high - 
temperature ?3R. Three different distributor plate designs 
wore oxaminod and the one that gave the most uniform fluidi-: 
zation behaviour for a larger range of operating variables 
was chosen for the actual high temperature PBR. 

The experimental part in this study has been divided! 
into two sections. T’irst section deals with the design and 
fabrication of the cold model fluidized bod reactor. A larg* 
number of experimenmo wore c;irried out using this reactor ' 
to study the fluidization chtiracteristics for different 
operating variables namely, the type of mi,tterials,piirticle : 
size, bed height etc. Visual -ibservati one and analyses of i 

pressure drop verous velocity plots were used as the main | 

criterion for ostablisliiiii the optimum conditions for ■ 

fluidization. ! 



The second section deals with the design and 
fabrication of high temperature FBR and its auxiliaries such 
as preheater, methane gas generator etc. A few experiments 
on reduction of hematite with coke, and hydrogen were carried 
out to establish the workability of the high temperature F3R, 
Originally planned experiments on reduction of hematite with 
coke and methane had to be abandoned bocaaso of the problems 
with the chromatograph which made the online analysis of the 
outgoing gases impossible. 
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CHAPTER - 1 
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INTRODUCTION 

Fluidisation is a process in which the solid 
particles are rendered fluid when they come in contact 
with a flowing fluid. The process was discovered late in 
the eighteenth century and was commercially adopted for 
various industrial processes as early as tho^^Ueginning of this 
century. Fluidization can be regarded as the most effective 
method of fluid-solid contact. 

In extractive metallurgy, the fluidized bed reactors 
are used for various gas -solid reactions such as roasting, 
reduction, calcination, chlorination, etc. The applications- 
of fluidization in the field of Hydrometallurgy and Electro- 
metallurgy are the subjects of recent research investigations. 
However since most of the extractive metallurgical processes 
which use the fluidized bed i.e. involve gas -solid reaction 
we shall confine our discussion to fluidized bed reactors 
involving gas solid only. 

1,1 A FLUIDIZED BED REACTOR (FBR) 

An FBR consists of a long cylinder, at the bottom 
of which is provided a distributor plate which has large 
number of p-cres/holes . The solids used are taken in the 
form of uniformly sized powder, and the gas is passed 
through the solid bed at a sufficiently high flow rate, which 
fluidizes the solids. 
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The reactor may be made ofTstainless steel, glass, 
plastic, etc .depending on various factors such as application, 
type of study, temp, of operation, nature of gasedjus environ- 
ment present, etc. 

1 .2 PHENOFiENON OF FLUIDIZATIOh 

When gas is passed through a bed of solid particles, 
four distinct stages are observed at different flow rates 
of fluids . 

At low flow rates, the gas permeates through the 
bed of solid particles without displacing them. This stage is 
termed as "Fixed bed". The pressure drop across the bed 
is proportional to the gas velocity. 

When the flow rate is continued to increase, a state 
is reached at which the weight of the bed and the frictional 
forces between the solids and the fluid are exactly equal to 
the drag force due to the flowing gas. This point corresponds 
to the maximum pressure drop across the bed. 

Further increase in flow rate results in the "Expanded 
bed". In this stage, the bed begins to expand with gas 
velocity and the pressure drop remains almost constant. 

When the flow rate is continued to increase further, 
a stage is reached at which there is no expansion in the bed 
and the particles in the bed start behaving like a boiling 
liquid. This is marked by a drop in the pressure drop across 
the bed, and remains almost constant with the increase in gas 
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velocity. This stage is termed as "Turbulent stage" or 
"incipiently fluidized" stage. The last stage, namely 
"pneumatic transport-' stage is reached. Gas velocity is equal 
to the value of terminal velocity of particles. Here the 
particles are physically carried along with the fluid. 

1 .3 IvERITS ik DEMERITS OF P PBR 
^ERITS 

1. The smooth, liquid like flow of particles allows continuous, 
automatically controlled operations with ease of handling. 

2. Rapid mixing of solids leads to nearly isothermal conditions 
in the reactor. 

3. Heat and mass transfer between the particles are high as 
compared to other modes of contacting. 

4. The residence time of particles can be controlled. 

5. By choosing proper fluidization conditions, it is possible 

to maintain the gas composition very close to the equilibrium 
conditions . 

DEFER ITS 

1 . Segregation and entrainment of the particles can occur above 
the surface of fluidized bed. 

2. It is not possible to control the reaction of individual 
particle. It is only the average fraction reacted that can 
be controlled. 



4 . 


1 .4 APPLICATIONS OF FLUIDIZATION IN EXTRACTIVE METALLURGY 

The major gas-solid reactions, such as roasting, reduction 

calcination, chlorination etc. are extensively carried out 

using FBR. The research investigations in the field of sulfide 

are 

roasting of common metals in FBR/mainly on the kinetic aspects 
of the oxidation of sulfide in FBR ^.4-8). The reduction of 
non-ferrous oxides in FBR using gaseous reducing agents has 
started getting more and more attention recently (9,10). The 
investigation on selective chlorination h separation of 
Titaniferrous minerals in FBR have also been reported in 
literature (11,12). ; 

Besides these, FBHs' are also finding commercial 
applications in gassif ication of coal (13), Calcination of 
linie and dolomite (I If)* 

Recently, applications of FBR with reasonable success 
in hydro-metallurgical & Electrometallurgical processed have 
also been reported t2.). 

1 .5 FRESElW’ STUDY 

The present study is on the fluidized bed reduction 
of hematite ore using gaseous reducing agent. For this 
purpose, a high temperature FBR has been designed and fabricated. 
The design and fabrication of the reactor are baaed on the 
theoretical as well as the cold-model studies, which are 
disQussed in the subsequent chapters. 
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CHAPTER - 2 

THEORETICAL ASPECTS OF FBR DESIGN 


The process of fluidization is one of the most important 
modes of solid-gas contact. The theoretical treatment of the 
subject is of utmost importance from the point of view of 
design and is presented in this chapter. 


2.1 PRESSURE DROP ACROSS THE BED 


The pressure drop across the fixed bed of uniformly- 


sized particles is given by Ergun (1,3) 

■A T-\ f A f A1 U _ 


,, 150 U:;: .fciB.L 

L 3 C0, dp, 


? ,, 2 


2 + 1 .75 


O -c-P/, "o' 


( 2.1 


Where . 


P = pressure drop across the bed 


L = Length of the bed 
= Porosity of the bed 
d = particle size 
0^ = Shape factor 

t> 

P „ - gcis density 

o 

yu = gas viscosity 
Uq = super f.icial gas velocity 


This equation represents two important factors 
influencing the pressure drop across the bed, namely, the 
viscous and the kinetic energy factors. At low Reynolds No,, 


(Re { 20) f the viscous forces predominate, hence simplification 
P 

of Eq. ( 2 . 1 ) results in 

("m)^ M 

-?=dP ^ - 150 — .. — ■ t.','. /‘on (o 


L ^c 


(0g dp) 


- ; Kc < 20 


( 2 . 2 ) 



At high Reynolds No., 


(Re> 1000), the kinetic energy losses 


predominates , modifying the Ergun equation to 

g =1.75 o ;Re^> 1000 

f (0 . d ) P 

^m ^"^s p'' 


A.P 


... (2.3) 


At Reynolds No., 20 Rep <^1000, Eq. (2.1) is used. A Schematic pi 
of^ P”V relationship is illustrated in Fig. 2.1. 

The onset of fluidization occurs when the drag force 

of gas is equal to the weight of the bed. i.e., 


.Pressure drop 
across bed 


Cross-sectional ' 
area of tube 


( Volume \ 
Y of bed j 


/ fraction N 
( of solids J 


/ specific weight ^ 
I of solids 




... (2.4) 


Mathema tically 


A P 0 Aj 




(Af.Lj^f) 


'Ps i 


Rearranging the terms , 


. » * (2 #5) 


m * m 


2.2 MINIM* FLUIDIZATION VELOCITY U,„P (1,16,17) 

Minimum fluidization velocity can be defined as that 
minimum fluid velocity which just renders the fixed bed fluidized. 

The following is the theoretical prediction of minimum 
fluidization velocity using the parameters such as particle size, 
particle density, gas viscosity, porosity etc. 

Combining Eq. (2.6) with Eq. (2.1) and using Eq. (2.2) or Eq.(2.3) 
(depending on the Reynold&number/ , the superficial velocity 
at minimum fluidization conditions is given by 
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f^ressure orop vs gas velocity for a bed 
ur^orm sized particles . 
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150 
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)• g* ( 


: Rep < 20 .. 


or 


2 WaS) ,h-k . ,3 

>• ge e^f ; Re^ > 1000 . 


u- = 'l£J£:L (-^ 

V 1.75 


(2.7) 


( 2 . 8 ) 


If and/or /g are unknown the following ©npirical 
equations may be used (1), 

1 

rjf H .. (2.9) 


^3 ®mf 

W 


{V 1 4 

11 


( 2 . 10 ) 


's 'Inf 

Using Sq. (2.9) and Bq, (2.10) in Eqns. (2.1), (2.7) 
and (2,8) the equations for minimum fludization velocity for 
different Reynolds can be obtained. 


33.7 


%f 

%f 


\if 


tr 


g % 

1650 ju 

’* 

24.5 /^g 


+ 0.0408 


/g 


r1/2 


33.7 




Rep < 20 


; Rep > 1000 


( 2 . 11 ) 

( 2 , 12 ) 

(2.13) 


2.3 TSK'^IITAL VBIOCIIY (u^) (1,3,17): 

Uae upper limit to gas flow rate above is the 
terminal velocity u^. SChe terminal velocity can be expressed 
In tema of drag oo-effioient as foUowa. 


=3 


4- g 




1/2 


(2,14) 


3 r Oa 
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For both spherical and non-spherical particles, the 
terminal velocity can be obtained from an experimental 
correlation Re^ vs Re^ plot (Appendix l) (1) 
where ^ ^ 


Cd ^4 


(2.15) 


3 




2 

can be determined by determining C RSp knowing 

dPs Pc,} f,- iind ^ . Fnoml this. -corresponding hence can be 

calculated'''.’ 

The gas flow rate through an FBR is limited by two 
quantities, u, on one hand and u.. on the other. These two 
are most important factors which influence the design of 
an FBR» To avoid carryover tlic solids from an FBR, the 
velocity of gas should be u^^ u^. 

2.4 DESIGh COhoIDERATlORS (1,14,19) 


The design 6f a fluidized bed reactor depends on 
the factors sucli as type of solids handled, size of particles 
and the cmiount to te handled. Knowing these, the diameter 
of the FBR can be calculated. This diameter is limited 
by the capacity of pumps and availability of gaseous phase. 

: i ;; tr ibu tor design ^ 19 ) 

The most important design parameter is the design 
of distributor. This is because the distributor influences 
the quality of fluidization to the greatest extent than any 
other parc-vnetor. This is exemplified in fig. 2.2. it is 
experimentally established ttot, larger the number of pores/ 
holes in distributor, better will be the quality of fluidization 
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Fig.2.2. Quality of Fluidization as influenced 
by type of gas distributor. 
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5br industrial FBBs, a wide variety of distributor 
designs are available. Some of them are shown in Fig, 2,3, 
Of these, tsrpe (a) and (b) are most commonly used in the 
laboratory investigations of FBR, 

It is important to note that the distributors should 
have a sufficiently high pressure drop in order to achieve 
equal flow through the openings. It has been experimentally 

deduced that the pressure drop across the distributor plate 
should roughly be 10 percent of the pressure drop across the 
bed (1,19). 

^d,min ~ I 0*1 ^bedl '* (2.16) 

For a fixed, maximum bed height, Pb.od 
calculated f 2 ?on the Eq. (2,2) or Eq, (2.3) and hence 
is evaluated from Eq, (2.16), Once the superficial velocity 
(uq) of the gas is known it is possible to calculate the 
Reynolds nunber which then can be used to calculate O 4 ' from 
the CjI vs Re plot given in Appendix II (1 ). 


Knowing , the velocity of gas through the orifice 


(Uqj,) can be calculated using the following Bq. ( 2 . 17 ). 


u, 


or 










(2,17) 


Knowing the number of pores per unit area 

of distributor plate can be evaluated from the equation 


Uo 


u, 


or 


~ *^or ^or 


(2.18) 


2.5 OffiER DESIGN PARMEIERS(1, 3, 14,16, 17, 19) 


Besides the distributor design the other design 
parameters include the dimeter of the reactor and its 
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heights selection of construction material for the reactor 
and design of the preheater depends on the parameters 
like the t/pe of application, temperature at -which the 
reaction is carried out etc. 

2 . 6 PROBLEMS EiCOUiMIERED IN FBR (1,2,3,14) 

At this point, it would be desirable to mention 
some of the common problems that one encounters in a FBR 
either due to the faulty design of the reactor or due to 
undesirable operating conditions. These are channelling 
and slugging. The pressure drop vs velocity plots for these 
two are schematically shown in B'igs. 2.4 (a) and (b). . • 

Channelling . Channelling in fluidized bed occurs when the 
pores in the distributor plate are too large or when there 
is sticking of particles at some parts of the bed. This 
also occurs when the particle size are not uniform. 

Slugging ; It occurs when the bed is too long due to the 
coalescence of bubbles forming a large bubble, of the 
size of the reactor itself. The A P- Velocity diagrams 

of fluidized beds are very helpful when the fluidization 

» 

phenomenon cannot bo observed visually, in a reactor. 

Many a times it is possible to recognise a fault, if it 
exists, by looking at these diagrams. 
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CFIAPTER 3 

OBJECTIVE OF TME PRESENT STUDY 

The present study was intended to explore the reduction 
of Hematite fines using gaseous as well as solid reducing 
agents in Fluidized Bed Reactor (FBR). As there vjas no ready- 
made FBR available for this puT^posc, the task of designing 
and fabricating an FDR was undertaken. 

It was considered desirable to design and fabricate a 
cold model before going for the design and fabrication of the 
high temp. FBR. The main advantage of cold model is that the 
visual observation of the fluidization and the rolatod 
phenomenon is possible. 

The present investigation can bo divided into throe 
distinct parts. 

In the first part a room temp, FBR was designed vsnd 
fabricated and the effects of paramotors such as particlo- 
siZG, particle density, bod height, distributor design, etc. 
were studied. 

Using the design pararAoters of the cold rAodcl FBR, a 
high temp. FBR was designed and fabricated in the second 
part of the work. Though for many components of this 
reactor, the same design criterion was used as for the cold 
model FBR, it was found necessary to change some of the 
design parameters. The reasons for those changes are discussed 
in details in one of the following chapters. 
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The main objective of tho third part of this study was 
to study the vaarious aspects of reduction of hematite with 
coke and with coke and mothane, using nitrogen as the fluidiz- 
ing gas. It is kno'wn that the rate of reduction of hematite 
is much higher with methane as cosipared. to that with coke. 

It is also known that using methane as tho only reducing agent 
is not economical particularly in countries like ours where it 
is not available in abundance. It was therefore hoped to find 
out tho optimum conditions for reduction of hematite with coke 
and moth .10 simultaneously and, thus, suggest a new method for 
sponge Iron production. Howovor, this project had to bo 
abandonc. duo to tho/malfunctions of the chromatograph 
vt/hich was to bo used for the on lino analysis of the outgoing 
gases to dotormino tho extent of reduction as a function of 
time. Therefore, the third part of this investigation v/as 
finally reduced to a few set of experiments to tost the workabi- 
lity of the high terap. FBR. The reduction experiments carried 
out for this purpose involved. 

(i) reduction of hematite with coke using nitrogen as 
fluidizing gas and 

(ii) reduction of hematite with hydrogen using nitrogen and 
hydrogen gas mixture as tho fluidizing gas. 

For the purpose of presentation tho next throe chapters 
lave boon divided in two sections. Tho first section 
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deals Y.'ith the study using the cold model FBR where as 
the design and fabrication of the high temperature FER,, 
and reduction of Hematite in this reaction are presented 
in Section II , 
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CHAPTER » 4 
COLD MODEL STUDIES 

This chapter deals with the design and fabrication 
of cold model fluidized bed reactor. A number of experiments 
were carried out using this reactor to arrive at the 
optimum design of the high temperature FBR and also to 
establish the optimum conditions for fluidization of 
different variables. The results of these experiments 
are presented and discussed in this chapter, 

4.1 DESIGN AND FA3RICATI0N OF COLD MODEL FBR 

A detailed discussion on the thecretical aspects 
on the design of FBR has been given in chapter 2. In 
this investigation, it was proposed to design a FBR in 
which study on the reduction of hematite fines was 
intended. So the particle size, the particle density and the 
amount of material used wjlII constitute the primary factors 
for design. From those preliminary data and from the 
available blower capacity, an optimum diameter of 5 ems 
was arrived at. 

The length of the reactor is governed by TDH as well 
as entrainment allowances. Since in the laboratory models, 
furnace allowance also must be taken into account, reactor 
height of 60 ems was chosen. 

Perspex was chosen as the construction material for 
the cold model. It was preferred to glass because it is 
non-fragile and easily machinable. 
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The design of distributor plate is the most important 
part of the. EBE design. To design a distributor plate, 
approximate value of the pressure drop of the bed should be 
known. This can bo calculated using factors such as ' 
particle size, density and bed height. Assuming a bed 
height oflOcKis, the open area and pore size "were calculated - 
For the present investigation, an open area of 1.3% was 
found necessary. 

A distributor with 1 .3% open area may be a porous 
sintered plate or a perforated plate. Since in the latter 
case, a large number of perfoarations is not possible, it 
will adversely affect the fluidization characteristics. As 
it could not bo possible to acquire sintered porous plate, 
it was decided to fabricate a perforated plate having an 
open area of 3.59% . This would help in having a reasonable 
number of pores (40 in neimber) of diameter 1/16”. In order 
to compensate loss in pressure drop due to the; larger area 
of distributor plate, two 325 mesh sieves were cut to 
the dimensions of the distributor plate and placed above 
it. This would help in formation of small bubbles in 
the fluidized bed also. Three different distributor plates 
of same open area but different hole configuration wore 
fabricated. They are as shown in fig. 4.1. 

The details of tho cold model FBR is illustrated in 
fig. 4.2. Two side tubes were provided above and below 
the distributor plate to measure tho pressure drop across the 
bed. 
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The preheater just below the distributor was filled 
with glass marbles as it will be done in the preheater of 
high temperature FBR. 

A number of experiments were carried out using this 
cold model and are described and discussed in the following 
section. 

4.2 EXPERIlViENTAL PROCEDURE 

A number of experiments were carried out to study the 
fluidization characteristics of the FBR. The main variables 
whose effect on fluidization behaviour were examined 
included distributor design, type of materials, bed height 
and particle size. 

The experimental conditions employed in various 
experiments arc tabulated in Table No. 4.1 and Table No. 4. 2. 

The cold model experimental set up is as shown in 
Fig. 4.3. In a typical experiment uniformly sized material 
was charged in the FBR from the top, so as to form a bed 
of certain height. The air from the compressor is passed 
through the reactor, at a very low gas velocity, to begin 
with. The gas velocity was slowly increased and the pressure 
drop in ems of H 2 O was measured as a function of gas 
velocity. Before; noting the pressure drop in the manometer, 
sufficient time was allowed for bed tw stabilise each time 
after the gas velocity was changed. The results of the cold 
racxlo experiments are presented and discussed below, 

4.3 RESULTS AND DISCUSSION 

Variation of pressure drop with gas velocity constituted 
the main experimental data. Visual observation of the bed 
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Table Expdrli'-terLtal Conditions Employed In Cold Model Experlmon 


’"’Material 

used 

S*No* (d^=sHematiate 

Distributor 

Particle 

Bed Height 


type 

size in 
mesh. 

(in cm.) 
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6 
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Tablo Ho,4«2 Expoririio-^tal Conditions E/jployod _in_ Cold Model Ex 
Material Bistributor Particle Bod Iieight ~ 


Sl.Ho,, 


usod 
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behaviour -wero recorded to verify the quantitative 
prediction of fluidization behaviour using the pressure- 
drop velocity relationships. 

The variation of pressure drop with gas velocity 
for tho various experiments including visual observations 
arc tabulated in Tables 4. 3-^. 8. The corresponding P vs ga 
velocity arc presented in Figs. 4.5-4.22. 

The comparison of the experimental and theoretical 
values of the pressure drop across the bed and minimum fluid ! 2 
velocity are tabulated in- Tables 4.9-4.10. 

EFFECT OF DISTRIBUTOR PLATE (iq): 

A close inspection of the ^P-velocity plots of 
cold model experiments and its comparison with the typical 
;p.ot in Fig. 2.4 coupled with the visual observation, 
leads to the division of all -tiiG experimental results 
into two categories with respect to tho quality cf fluidizatii 
The plots in Fig. 4.5-4.10, which c-.jrrespond to the 
distributor , exhibit normal fluidization eonditiens 
whereas those in Figs. 4.11-4,16 corresponding to the 
distributer ^2 and Figs. 4.17-4.22 corresponding to the 
distributor are poorly fluidized. 

Channelling was visually observed at some parts of 
the bod in D 2 and D^, fur finer particle sizes. It was 
more severe at larger bod heights. 
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Occurrence of channelling with D 2 and distributers 
is attributed te the improper distribution of perforations 
in these distributor plates. It was also noted that the 
ch'';nnelling usually occurred near the wall of reactor. 

Those observations lead to the conclusion that the 
distributors D 2 and wore poorly designed and that the 
performance of the distributor was the best amongst 
the three distributors considered. 


EFFECT OF PARTICLE SIZE 


% 


The offcct of particle size on fluidization behaviour 
is considered in terms of which can be predicted using 
Eqs. ( 2 . 7 ) & (2.8) for different ranges of flow rates. For 
low flow rates of gas (Rq^ < 20) is proportional to 
the squai'c of particle size, where as for high gas 
flow rates is proportional to the particle size. 

The variation of pressure drop with particle size can 
bo. prcdicto'd using Eqs. (2.2) and (2.3)* For 20, 


prussure drop is inversely proportional to the squares of 
particle size but inveroul> proportional to particle size 
far Re > 1000. All the experiments which have been 

carried out are in range RCp 20 and hence we shall confine 
ourselves to Eqs. (2.12) and (2.13) far the prediction 


u ^ and Eq. (2.2) for the pre4iction of A 

lit X 


The 


cxperiinentally detennined and theoretically estimated 


values of and AP for hematite and gand, respectively ar| 
. 'Tables 4.9-4.10. It is seen that the | 
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^ixpcrimontal values of and AP are in reasonable , 
agreement with those predicted for both eand and hematite 
thougti the agreement is better in the use of sand. Somewhat 
superior agreement in the case of Sand is perhaps due 
t the free flowing nature of sand, and the fact that the 
f? md particles are, in general spherical. 


EFFECT OF MATERIAL 


It is obvious fromEqs. (2.12) and (2.13) that 
bwth and A P are proportional tc the difference in 
the densities of solid and gas for the entire range of 
B ynvlds number. Therefore, the Sand which is lighter than 


hematite will have comparatively lower and ZiP values, 
iho experimental and theoretical values of these two 
prsi'cune ters for the two materials are tabulated in Tables 


4.9-4.10, 

Once again reasonably good agreement between the 
Iheocotical and predicted values is observed. For the 
irregular and non-free flowing hematite particles the discre- 
pancy between the experimental and theoretical values 
is o..;.;vwhat higher. It is further observed that the 
riowability of hematite increases with particle size. 

This could bo vne of the reasons for pronounced channelling 
that was observed in the case of oarti.oles finer than 100 

mesh. 

EFFECT OP BED HEIGHT (n^tU) ^ 

The effect of bed height on the pressure drop of the 
bed can he predicted using Eqs* ( 2 . 2 ) ,(2.5) and (2.6). 
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pressure drop across the bed is proportional to the 
h. d height whereas the thioretical is independent 
of the bed height. Experimental values in the present 
investigation (Tables 4.9-4.10) however, record a slight 
d.eviation in values with increasing bed height, 
though ii increases only slightly. This discrepancy is 
attributed t- the frictional effects which increases with 
increasing height and which have been ignored in the 
thceroticrd equations . 

On the basis of experimental investigation of the 
cold medol FBR, presented in this chapter, it could be 
Cwncluded that the design of the distributor was the 
bv.st. This design was therefore chosen for the high 
te-mperature FBR described in the following chapter. 



CHAPTER - 5 
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DESIGH AM) FABRICATION OF HIGH TEMPERATURE FBR 

Based on the results of the cold model FBR studies, 
the high temperature FBR vjas designed and fabricated. 

Greater emphasis -was laid on the choice of the distributor 
plate •wuich plays a critical role in all fluidized beds. 

A close matching of the design dimensions of the 
high temperature FBR with that of the cold model was aimed 
at. Any deviation from the cold m’odel was likely to 
alter the fluidization charaoteristics. Nonetheless, it 
was found necessary to make some alterations in the 
design. A major alteration was effected in the preheater 
ddsign. This modification is discussed in the following 
paragraph. 

3.1 HMlhEATER DESIGN 

The gas -solid reactions may be endothermic or 
cXi.ti"u.T:..lc. In general, the reduction reactions are 
end'jthorniic . Hence it may be necessary to preheat 
the gases to the reaction temperature. As the proposed 
PHt was to be used for the reduction of hematite using I 

either coke and some inert gas, or hydrogen, it was ; 

essential to preheat the gas to the reaction temperature. : 
In order to heat the gas from room tempt^rature to a I 

temperature as high as 800-900°C, the length of the i 

preheater is important. Preheating of gas to the | 

desired temperature is a function of its residence time , 
in the preheater which » in turn, depends on the length j 
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of the preheater and the gas velocity. Since the fluidized 

beds ore generally operated at 5“20 times the minimum 
velocity(I,2) 

fluidization ,n_^sufficiently long preheater ■would be required 

The preheater designed for our work was made of 
70 ems long and 5*2 ems diameter stainless steel tube, 
which could be independently heated up by enclosing it 
in vi Kanthal wire wound tube furnace. Because of the 
non-availability of a long enough furnace which could 
contain both the prehoator and the reactor, it became 
necessary to separate the preheater from the main 
reactor. The preheater tube was completely filled up 
with mild stool balls to enhance the heat transfer 
from the preheater to the flowing gas, because of the 
high heat content of these balls. It also resulted 
in increased residence time because of torturous path 
that the gas Ws>uld now have to take. 

Both the bottom and top ends of the preheater tube 
wrv’ connected to stainless steel heads. Through the top 
head the preheater was connected to the main reactor 
where as the bottom head was used to provide the fluidizing 
gas to bo preheated. ; 

5.2 REACTOR DEBIGN I 

The dimensions of the main reactor were exactly j 

I 

the some as that of the cold model FBR. The reactor ? 

was 60 ems long and' 5*2 ems diometer. It was made of ; 

I 

steel tube. The distributor plate | 
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’atis fitted at ttie bottom of the reactor using screws and 
nuts . 

A stainless steel head covered the top part of the 
reactor tubi; wliich was outside the furnace. This stainless 
stool head could be tightened on to the tube with the 
help of fl;:ngcs and screws. Three openings wore provided 
in tiiis head. A st.ainloss steel tube welded to the head 
through the ep^ning and the center of tube provided on 
outlet fs.r thu gases. Through one of the other openings 
a Chromd-Alurnol thermocouple could be introduced into 
the rcactwr in such a way that its tip was just 1 cm above 
the distributor plato. This arrangement was to ensure that 
the tip of the thermocouple remained dipped in the fluidized 
bid anti t!ie exact roaction temperature could be recorded 
during the reduction experiments* 

The third opening on the head was for introducing 
the Swifl powder sample to the reactor. This hole could 
be scaled with a high temperature silicon rubber cork I 

l': 0 ':..'di"tcly after the sample was introduced. 

outlet stainless steel tube was brazed with 1 ,5 m ; 
longf 1*25 cm diometcr copper tube with an objective to 
cool the exit gases to the room temperature. : 

I 

The bottom of the main reactor was connected to a 
5*2 cm diameter and 10 cm long stainless steel tube with t| 

f 

help of flanges and screws. This tube was filled up with | 
mild steel balls to ensure uniform distribution of ; 
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ih>.' reactor assombly was connoctod with the help 
'£ 1 cm diaanotcr, 25 cm long stainless tube to the preheatei 
assunbly. This tube was heavily insulated with the help 
of asbestos cloth and Alumina bricks so as to minimize 
heat losses. 

All the joints in the reactor and preheater assembly 
were provided witli gaskets made of high temperature 
materials and those wore sealed with high temperature 
seal. ail t to make the reactor leak proof. 

The schematic diagram of complete FBR assembly witii 
preheater is shown in Fig. 5.1. 

5.3 jeXPiLRBibhTAL SET UP 

Two furnaces were designed, one each for FBR and 
Preheater, The furnace tubes were made of Alumina, were 
7.6 ems in diameter and 60 ems in length. 

The preheater furnace was Kanthal wire wound furnace, 
of tutal resistance cf 40 ohms, with a power output of 
1.25Kv;atts. This was designed to produce a temperature of 
800“900»C . 

Six silicon carbide rods, each of one ohm resistance, 
were used as heating element in the reactor furnace. 

The power output of this furnace was almost twice that of 
the preheater furnace. A temperature as high as 1200“C 
could be achieved in this furnace. 

Both the- furnaces were arranged one above the other: 

the top position) such that ; 
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Pig 5 1 High Temperature FBR details 
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th«:;ir rjKCis alligncd. The furnaces were separated by a 
.istrncu* 25 cms. 

The FBR -pro he a tor assembly was introduced into the 
riu’nace such that the reaction zone in the reactor 
■.•x-’.c t‘,ly c..inciled with the constant temperature zone of the 
fiirna.co' . 

A Cijppur gauze furnace was used to remove oxygen 
.impuritios fr m the fluidizing gas before it enters the 
proiio-'.ter . A rotranoter was provided to measure the flow 
rate td' the inlet gas. 

Thu outlet from the reactor was connected to a water 
tcap witi! the- help of a rubber tube. Any entrained solid 
pvrticlcs could be removed here. The gas from water trap 
was connected to a series of gas samplers through a 
capillary fluwmoter. This capiliary flowmeter was used 
t mwnsurc the flow rate of outlet gases. 

Duo t'- some problems with our chromatograph, it could 
pot bo j)C'Ssible to anaeLyze the gas sample immediately 
durih;*: the expt-riment. So an assembly of gas samplers, 
which w’.s 0 .:nnoctcd t., the capiliary flowmeter, had to be 
usc’*;! t st-re thu gas samiples collected at different 
timu intervals ef the expuriment. Those samples could 
bo an'.'lyzed later using the gss chromatvgraph* 

The sc tftia tic diagram of thp experimental set up 
is as shewn in Pig- 5.2. 
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Unlike, the Celd moc'iol FBR, in the final design 
v,,r the high temperature FBR, there was no provision for 
niensuring the pressure drop across the distributor plate 
r.nJ. the bv.d ;..f solid particles, though the same was 
provided in the initial design of iiie reactor. 

Thi.,. viutlets required for AP measurements had 
t'.' bo removed (pv^rnanontly welded; due to various 
pr’ctlcal problems. However, before doing that, A P vs 
g';a Veil', .city data was generated using the original high 
temperature FBR at r .om temperature to ensure that 
■itlcast nt r-.-iom temperature its fluidizing behaviour 
was sir.iilnr to that of cold model FBR. 
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it w'.s Licntionecl corlior, the main aim of this 
inv.,s ti;:"' ti..-n v/as to study the reduction of hematite 
in F3R. Orijjinally, it was intended to study the reduction 
;,f with 

(i) C .kv usin^i s-mc inert gas as fluidizing medium, 
(ii} C ki.,. using methane and nitrogen mixture as 
flu id. i 2 in g metl ium . 

H'’wever, ',!uc t- some unsormountahle problems with 
Uk clu' r.r't -raph the online analysis of the flue gases 
c : Cu-kJO^ could not bo possible. Therefore, 

nly limited number of experiments could be carried out. 
Hvd.uction 1 1 fc*ematite with coke using inert gas as the 
fluidising me:iium cuuld be examined only qualitatively in a 
few experiments. The problem of reduction with coke and 
iii,- thane was completely dropped. Instead, the reduction 
witli liyd.r ften was Cvirriod out. But since the set up 
f r liw'tiiane gonoration and storage was already designed, 
fr; brie ‘.tod and ev^n tested before this change in problem 
w.'iS it is described below. 
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G’.:rjEM;':TioN and storage (i6) 

Elf,;. i'>.1 . si’.ows the set up for generation and storage 

of n»r‘t]Mrie. 

■. jnixturo of r,t:dium acetate and SOgms of soda lime 
v; propi.'rly ground and mixed and was poured in a pyrex 

' "he? p.yrny. tube (2) v;as then gradually inserted in, 

ir.c furnace (1 vdiich had already attained the required 
It/ mpe rut lire (.i.e. 400°€i. Vdien the gas generation rate became 
a; |:iri'Ciuib:h', ntoj.) cock (6) was opened and the valve was 
(K'l lached J'runi the pressurizing water tank (9). The outlet 
v7! 1h'' v. ’ter tank (9) which got isolated from was clamped 
r.u that does not flow out of the tank. The valve V 2 

vuu.:; ril.';o kept cKsed but the valve was kept open to record the 
pr»-}n;Mre of f-rUie, When the rate of methane generation 
ht.'cas.if? tuo high or too low as could be understood from both 
t:w, h :• (ih ‘ safety valve (5), the valve was 

muiipul.-ited to decrease or increase the exit water flow rate ; 
acuordin^ily so thiit the methane generation and storage could : 
tulu; place at slightly abovo atmospheric pressure. After the i 
completion of the methane generation, the stop cock (6) was 
ciuseci aid the valve was again connected to the water tank , 
( 9 ) to tijc storage vessel (7) and compressed the methane gas. . : 

The d gas thus became ready for use. The flow of : 

metii.ine was i.dahnod almost constant because of inflow of ; 

water ftvts the .'v-rhorid tank (9) into the storage vessel (7). | 

The water lo'Vt'l in the ovorhead tank (9) wcas maintained , 

i 

‘ overflow sill 'the tiEis* ’ ; 




X' X-, f'lUiil l ili i ‘iJ 








or sodium acetate and 80 gms of soda 
li generation was approximately 30 Its at STP. 
j r* r.aui'i.Jt; ; t.ictiiane attained approximately a pressure of 

f*," ; . 

L:i .1 fotir i'Kj n ’rimonts with coke as a reducing 

'Ui'; i;.; e :-,ri.'ri;!;oirte ^^;it!:i hydrogen as a reducing 

r- n.iii :‘i.. c .ri’ieii out. The experimental conditions 
-'..-‘V'f ! ii, LhfSc oxpori.iionts arc described in Table 6.1a.n<d6*2, 

• O'- :l5lio.viJig is the sequence of the operation oarried 
iurl). t he rociuction studies in FBR. 

ja'ebc.'itir and reactor furnaces were switched on 
■ind i'>vt to j'oquired voltage. Sufficient time was allowed for ; 
Ir,. '.t; ta inr.itet and stabilization of the set temperature. The 
I'tirnact- ! : i ure was more precisely controlled using a 

Chro!;.'!'.! "Klumri temperature controller where as the preheater ; 
runr't’u? v;riu controlled by adjusting the power input to the i 
lYirna.Cu , : 

After flushing the reactor with an inert gas a : 

dried and weighed sample was introduced into the reactor ; 

i'rcsri top witii the help of a funnel. j 

In the first s<.,t of experiments involving coke as the ; 

reducing, agent the sample was a mixture of 100 gm of i 

hojnatlte and 2^ of coke where as in the second «efc. of ! 

, i:, i ;rw i.n>, h'/drogen as a reducing agent it | 

c : d of 100 gm of hematite only, | 



te-- intrixiuotlon of the ssmple into the reactor 
t.Uioiiea with the inert gas for a few 
-c rate (below the minimum fluidization 
-.i.-.:, tt;o reactor temperature was stabilised, 

' ' vicis s’tfiT’tGd ais a pradeterininGd 


5 '.' of hydrogen osrcducing agent, the 

■ ' *’ ,oind ^,'ascs v/ore collected at regular interval 

’ -h 'Civlly designed gas sampler. Variation 

r :ctu’'n Irmpernturv during the experiment was also 
■i. .r,i, y I’cCordt'd. The fluctuation in temperature was 


'U'ouj'iU f. 

nficj' i'Xg.. riment was ovor the furnaces were 
:.v;5. ; c;. , v:;d' 'Uid thv flow of reducing gas was stopped 
ii' thi, '.''uu. of Second Swt of expt.rimonts) . The inert 
vv'."' continued to flov^ for about 10 minutes. 


r the. reactor assembly was cooled down, the 
ui'd,iu ie was taken out and chemically analyzed for 

d-ad'oe of f;!e tuilization . Gas samples collected during 
tije .v.'Coud St t of eXiX-riments were analyzed for percentage 
of ; n in the gas sample using the gas chromatograph 

v,-r;i|‘loy iny. njol.,culru- sieve column. An attenuation of 64X 
w: u u;,u„u for oll expt.rlments and peaks of hydrogen wer’o 
r. . Us in;,; nitrogen and hydrogen gas mixture of 

knnwii hion the chromatograph was calibrated before 

each run. 

Gas ^ collected in the first set of experiments 

could not bu ••.ir'ly.rvd due to the non-availability of 
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‘Um firs I r:,ot of experirnontG on reduction of hematite 
■ use ’ c^'.- the reducing agont with nitrogen as the 
iv ’ o in the second set hydrogen was the 

(ioonl .!)! a mixture of hydrogen and nitrogen served 


an tfin lui ‘.M/ inif medium. 


iii.'duc ii of hi te with coko s 

Vni hiMas n ludiod in this set of experiments have been 
tn'mi.'! t-d in Table 6.1, As the main objective of this part of 
a in tn Is in w;it; to follow the kinetics of reduction reaction 
by c .i!) L i,nuous anai'yi.'is '"if the outlet gas mixture using a 
cbr.uT'iln'truph. However, as it has alroady boon stated because 
of th*:- jjroblv'in wi thin the chmmotograph the analysis of the 
oj.iti'ninij g.isos could not bo carried out. This problem rendered: 
the kinetics studios impossible. Those experiments wore, 
thc-ruf O’X’, used only to chock tho workability of the FBR quali-* 
totivjly. Tile only pararnotor that could bo measured in this I 
sot af r'Xp..Ti!ai'nts was the weight of tho somplo after tho 
experiment was aver. This monsuromont did give some idea if 
of tho extent of reduction of homiatito under tho given oxpori-i 
mc-ntnl conditions. Table 6.1 gives tho final weights of the ; 

i 

sample el th tho weight loss. It can bo seen that as i 

expected tho weight loss is greater at higher tomporaturo and 
at thn' same i ■.;uip.,rnture it is greater fox finer particles. I 
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H«,’Uv;rt,] in nf Hor.K. cite with Hydrogen 

■••.X;' conditions cmployod in thi.s sot of 

r'in.-tit-- tobulatod in Tabic 6.i. In those 

oo possible to measure the composition 
' ut “U’itvj As on lino analysis was not possible, 

'’p. h s V.’ ■: c <U.octod in specially designed gas sam- 

U!>' CMtiid be .uialysod using a chromatograph. The out™ 
*?,n t qu.’- .-s would consists of nitrogen, hydrogen and water. 
Hnvoo/er, I: i-oom hcinperature water could condense leaving 
I! i, irnun.'". .inc! fiydrogon in the gas mixture. From this initial 
■ un osit.ior, c.f ..ho inlot gas and the analysis of the moisture 
'■ autlul it could .be possible to determine the ' 

.■mnunl hydrogen consumed during the reaction as a function 
o[ Umc, Thi:; erablod us to compute the jvate' of formation of 
v^.iir?r. A i;vpical plot giving percentage hydroger 

in tj'iO nutlet g.is as a function of time is shown in Fig. 6. 3. 
Hate *'jf hy'li'ogcn consumption ns a function of time along v./it‘ 
the rate of water forii, :tion and percentage oxygen removed in 
all the five experiments arc given in Appendix III. Fig. 6.4 
is a plot of percentage oxygen removed as a function of tin 
for aJl the five experiments. ; 

£ t .should be noted that the rate of removal of oxygen 
In the Initial stages of reduction is higher. It is attrilp 
ted to the fact that the reduction of FegOg to FeO with , 
hydrogen at tniiperaturc employed in this study is thermo- 
dyn 1 x 1 c.a.lly much more favourable as compared to the reductf 
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O: i"oO to metallic iron. Also tho presence of water vapours 
which arc goneratod as a result of the reduction reaction 
tend to slower down the reduction reaction. 

In this cose also the sanple v/as weighed after a 
parti ciiJ.nr ox.'iori.'.ient was over and this weight loss thus 
olvL,, lined was covnpared with that estimated from Fig. 6.4. 

It is observed that the estimated weight loss was higher 
in some cases than tho actually measured weight loss. It is 
expected tlint during cooling of the sample inside the reactoi 
bcfo'i'o it could be taken out and weighted, some reoxidation 
look place which resulted in increased weight of the final 
sar,ip j.o . 

As stated above also, the main purpose of these , 
cxporlmonts was to test tho workability of tho high tempera- 
tirro FfiR qualitative analysis of results at least indicate 
tiv't this F13R may be used for more rigorous quantitative 
studies involviiig exothermic gas solid reactions. 
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OHAPrSR - 7 


STOI'IARY AND OOJGLUSIOl 


.i.t Wci 3 proposed to design and fabricate a high 
t(3sniperature fluidized bed reactor which could be used to 
study the kinetics of endothermic gas— solid reactions 
in particular, the reduction of hematite with solid, solid 
and gaa and gaseous reductants. 

It was thought desirable to fabricate a cold model 
?BR before the fabrication of high temperature FBR was 
undertaken* Ctold model FBR was used to test the fluidization 
■ ‘hriructeristics for different operating variables such as 
distributor plate iesign, particle size, particle density, 
bud height etc. Visual observations in the cold model 
provided an added advantage which helped in detecting the 
poaaiblu mjilfunctioning of the fluidized bed, A number 
of experiments were carried out on cold model FBR to select 
the oper!|ting conditions for the high temperature 

F3a. 

fhe physical dimensions and the main design features 
in high temperature FBR were identical to those used in 
the cold model FJR. 1?he main roactor and the gas preheater 
oould be heated up independently of oach other by providing 
two separate furnanoes* According^ to the original plan 
of the work the reduction of hematite with coke and methane 



6Z 


GHiffTSR _ 7 


SIB£'IARY AI© OOYGIUSIOiV 


11: wcis propossd Po design and fabnicaie a high 
'ceroper’a'fcune fluidized bed neacion which could be used io 
study the kinccics of endothermic gas— solid reactions 
in particular, the reduction of hematite with solid, solid 
and gas and gaseous reductants. 

It was thought desirable to fabricate a cold model 
?3R before the fabrication of high temperature PBR was 
undertaken. Gold model FBR was used to test the fluidization 
characteristics for different operating variables such as 
di:=5tributcr plate design, particle size, particle density, 
bed height etc. Visual observations in the cold model 
provided an added advantage which helped in detecting the 
possible m.'ilfunctioning of the fluidized bed. A number 
of experiments Wv-irc carried out on cold model FBR to select 
the optimum opersjjting conditions for the high temperature 
?3R, 

fhe physical dimensions and the main design features ' 
in high ttjnperaturu F3R were identical to those used in ■ | 
the cold model flR. fhu main reactor and the gas preheater | 

I 

could bu heated up independently of each other by providing ! 
two separate furnanoes. According to the 'original plan ; 

of the work the reduction of hematite with coke and methane | 
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was to be studied. As the methane gas was not readily 
aTailable in market, it was decided to generate methane 
in ':he laboratory. Therefore, a setup for generating and 
storing meth<3ne was fabricated. Howerer, this plan of 
the work had to be abandoned because of the problem with 
our chromatograph due to which online analysis of the out 
going gases could not carried out, A few high temperature 
experiments wore, however, carried out to atleast dualita-, 
tivuly test the workabili'by of the high temperature ySR. 

The experiments included reduction of hematite at 
tumporatures between 700 — 800*^0 using coke, and hydrogen 
as the reductants. 

In the case of reduction experiments involving 
hydrogen, the samples of out going gases were collected 
at regular interval of time in a specially designed gas , 
sampler and analysed after each experiment. Rrom the 
.'inalysis of the initial and the final gas compositions | 

it could bo possible to estimate the extent of reaction 
in terras of purcent oxygen removed as a function of time. | 

C50I«iUSI0iiS: 

Out of the three distributor plate design examined | 
Che cold r-odel 5:3A the one shown In Hgure 4J {Di ) | 

was found to be most satisfactory for a larger range of | 

operacins variables. This design therefore, used for | 

the high temperature 23R. Iwo of the other designs, which , 
were ildonrded,gave a lot of chaimeUing due to improper ; 
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cas distribution, which could be visually observed in the 
cold model Y3R, 

Iviinimum fludization velocities estimated using 
e-xperimental plots of pressure drop versus velocity at 
different operatinr; conditions were in close agreements 
with those obtained theoretically. Minimum fluidization 
velocity was found to increase with increasing density and 
particle size, larger bed heights, for bed consisting 
of fino particles affected the smooth fluidization beha-^rioi 
due to the slugging. 

Jfreliminary analysis of kinetic data on reduction 
of hcraB-tite wi^ch hydrogen indicated that the rate or 
reduction increased (i) with decreasing particle size 
(ii) with increased temperature and (iii) with increased 
partial pressure of the reducing gas. 'Hiese observations, 
though trivial, clearly indicated the successful working 
of the FBR designed by us. With proper facilities for the 
analysis of the out goinr gas samples (preferably on line) 
the can bo used as one of very effective techniques 
of atudyin;,; the kinetics of gas solid reactions. 
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Cj vs Re^ plot 

(adapted from Kunii 8 Levenspiel (1)) 
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